It is often assumed that at frequencies in the tuning-curve tail there is a passive, constant coupling of basilar-membrane motion to inner hair cell ͑IHC͒ stereocilia. This paper shows changes in the phase of auditory-nerve-fiber ͑ANF͒ responses to tail-frequency tones and calls into question whether basilar-membrane-to-IHC coupling is constant. In cat ANFs with characteristic frequencies у10 kHz, efferent effects on the phase of ANF responses to tail-frequency tones were measured. Efferent stimulation caused substantial changes in ANF phase (⌬⌽) ͑range Ϫ80°to ϩ60°, average Ϫ15°, a phase lag͒ with the largest changes at sound levels near threshold and 3-4 octaves below characteristic frequency ͑CF͒. At these tail frequencies, efferent stimulation had much less effect on the phase of the cochlear microphonic ͑CM͒ than on ANF phase. Thus, since CM is synchronous with basilar-membrane motion for low-frequency stimuli in the cochlear base, the efferent-induced change in ANF phase is unlikely to be due entirely to a change in basilar-membrane phase. At tail frequencies, ANF phase changed with sound level ͑often by 90°-180°) and the ⌬⌽ from a fiber was positively correlated with the slope of its phase-versus-sound-level function at the same frequency, as if ⌬⌽ were caused by a 2-4 dB increase in sound level. This correlation suggests that the processes that produce the change in ANF phase with sound level at tail frequencies are also involved in producing ⌬⌽. It is hypothesized that both efferent stimulation and increases in sound level produce similar phase changes because they both produce a similar mix of cochlear vibrational modes.
INTRODUCTION
In our previous paper ͑Stankovic and we demonstrated that medial olivocochlear ͑MOC͒ efferents can inhibit the firing rate of auditory-nerve fibers responding to tones in the low-frequency, broadly tuned ''tail'' region of tuning curves. In this paper we explore efferent effects on auditory-nerve-fiber response phase and synchrony in the tail region. As before, our focus is on fibers with high characteristic frequencies ͑CFs͒, fibers for which the distinction between tip and tail is clear.
There are several reasons for interest in efferent effects on auditory-nerve-fiber ͑ANF͒ response phase and synchrony to tail-frequency tones. Phase measures are dominated by the ac receptor potentials of inner hair cells ͑IHCs͒, whereas rate measures are dominated by the dc receptor potentials ͑Palmer and Russell, 1986; Cheatham and Dallos, 1992 ; reviewed by Ruggero, 1992͒ . This suggests that efferent effects on ANF phase may be due, at least in part, to different causes than efferent effects on rate. The efferent inhibition of firing rate at tail frequencies is equivalent to an attenuation of sound ͑Stankovic and Guinan, 1999͒. Determining whether the efferent effects on synchrony and phase are also equivalent to an attenuation of sound will indicate the extent to which common mechanisms shape both measures and should also provide insight into where these effects take place. Finally, a description of the efferent effects on response phase is an important component of any attempt to understand the system behavior. Phase changes must be accounted for in models of efferent effects, or in any cochlear model.
A major unresolved question from the previous paper is whether efferent inhibition of auditory-nerve responses to tail-frequency tones is produced by an efferent-induced reduction of basilar-membrane motion. For CF tones, efferent inhibition appears to be predominantly due to an efferent reduction of basilar-membrane motion ͑Murugasu and Russell, 1996͒, presumably produced by an action of medialefferent synapses on outer hair cells ͑OHCs͒ that reduces the gain of the cochlear amplifier ͑Guinan, 1996͒. If this were a͒ Electronic mail: jjg@epl.meei.harvard.edu the only way in which medial efferents inhibit, then medial efferents would be expected to have little or no effect at frequencies in the tails of tuning curves because active cochlear mechanisms are thought to have little or no effect on basilar-membrane motion an octave or more below CF ͑Rhode, 1973; Ruggero and Rich, 1991; Ruggero et al., 1996b Ruggero et al., , 1997 Nuttall and Dolan, 1996͒ . Although our demonstration of an efferent-induced reduction of firing rate at tail frequencies clearly shows that efferents do inhibit at these frequencies ͑Stankovic and Guinan, 1999͒, the few published data on efferent effects on basilar-membrane motion at tail frequencies ͑Murugasu and Russell, 1996; Russell and Murugasu, 1998͒ leave open the question of whether this inhibition comes about by a change of basilar-membrane motion, or by some other mechanism. Here, we pursue the related question of whether efferent changes of auditorynerve response phase are due to underlying changes in basilar-membrane phase. The question is more readily answered for phase than for amplitude ͑i.e., firing rate͒, because for low-frequency stimulation, the phase of the cochlear microphonic ͑CM͒ provides a monitor of the phase of basilar-membrane motion in the base of the cochlea ͑Dallos et Dallos and Cheatham, 1976; Patuzzi et al., 1989; Ruggero et al., 1986b͒ , whereas the amplitude of CM does not serve this function for firing rate ͑e.g., Fex, 1959͒. The relationship between ANF response phase and basilar-membrane response phase is complex, but understanding this relationship is crucial to achieving a basic understanding of how the cochlea works. For tones far below CF ͑i.e., tail-frequency tones͒, ANF phase varies along the length of the cochlea relative to basilar-membrane phase in the chinchilla ͑Ruggero and Rich, 1983 Rich, , 1987 Ruggero et al., 1996a͒ and to some extent in the gerbil, guinea pig and cat ͑Sokolich et al., 1976; Konishi and Nielsen, 1978; Oshima and Strelioff, 1983; Cai and Geisler, 1996͒. Cheatham and Dallos ͑1999͒ have identified three factors that may account for the variation in ANF phase relative to basilar membrane phase: ͑1͒ IHC-membrane low-pass filtering, ͑2͒ the dynamics of IHC ion channels, and ͑3͒ extracellular potentials changing the IHC transmembrane potential and thus IHC transmitter release. The relationship between ANF response phase and basilar-membrane phase may also depend on medial-efferent activation, but this has not been previously explored. Since medial efferents form synapses directly on outer hair cells, knowing the extent to which medial efferents change ANF response phase should provide important insights both into medial-efferent effects and the extent to which OHC properties can influence the relationship of ANF phase to basilar-membrane phase.
I. METHODS
The surgical preparation, methods for single-fiber recording, and the stimulation paradigms were as in Stankovic and Guinan ͑1999͒. Highlights and important differences in methods are presented below.
We used adult cats anesthetized by diallyl barbiturate in urethane. Middle-ear-muscle tendons were cut and the auditory nerve was approached dorsally as in Kiang et al. ͑1965͒ . Efferents were stimulated with an electrode along the midline of the floor of the fourth ventricle using trains of shocks at 200/s. Treatment of experimental animals was in accordance with protocols approved by the Committees on Animal Care at the Massachusetts Institute of Technology and the Massachusetts Eye and Ear Infirmary.
A. Single-fiber recording and data analysis
On each auditory-nerve fiber we obtained: ͑1͒ a tuning curve from which fiber CF was determined, ͑2͒ 20 s of spontaneous activity from which spontaneous rate ͑SR͒ was calculated, and ͑3͒ level series with and without efferent stimulation in which both sound level and efferent stimulation were randomized. Auditory-nerve fibers were grouped into low ͑SRр0.5͒, medium ͑0.5ϽSRϽ18͒, and high ͑SRу18 spikes/s͒ categories ͑Liberman, 1978͒. In randomized level series, points were acquired every 3 s, and at each point the firing rate was obtained by averaging responses from ten sequential tone bursts. The tone bursts were presented every 100 ms, had 2.5-ms rise/fall times, and 50-ms duration ͑rise onset to fall onset͒ and 47.5 ms between bursts ͑end of fall to beginning of next rise͒. Efferent stimulation, when present, began 100 ms before the first tone burst, lasted 1.1 s, and ended after the last tone burst. ANF response phase was calculated from period histograms obtained from the steadystate part of each response, i.e., from 6 ms after the onset of each tone burst to approximately 1 ms after the beginning of the offset of the tone burst ͑it takes about 2 ms for the effect of the offset to become apparent in ANF firing͒. The sampling window was adjusted across sound frequencies so that it included an integer number of cycles.
The stored spike times were used in off-line analysis to construct histograms of action potentials relative to the zero crossing of the tone waveform, i.e., ''post-zero-crossing'' or ''period'' histograms, each with 400 bins per tone cycle. For a given tone frequency and sound level, two period histograms were constructed-one with, and one without efferent stimulation. Period histograms were used to determine ͑1͒ synchrony as measured by the synchronization index ͑also known as vector strength͒, which is the amplitude of the fundamental Fourier component of the histogram normalized by the mean firing rate ͑Goldberg and Brown, 1969; Johnson, 1980͒ , and ͑2͒ response phase, i.e., the phase of the fundamental Fourier component of the period histogram. For Figs. 1-4, data were rebinned to 25 bins per cycle to make the histograms smoother.
Data were used only if they met criteria for quality single-fiber recordings and criteria for accurate determination of phase. As in Stankovic and Guinan ͑1999͒, spikes had to have excellent triggering, no effects of shock artifacts, no evidence of lost short-interval spikes in inter-spike-interval histograms and, for tail-frequency tones, no harmonic distortion that fell within the tuning-curve tip. The data reported here are from 13 cats out of the 17 reported in Stankovic and Guinan ͑1999͒ ͑we did not record phase timing markers during the initial experiments͒. A vast majority of the data is from high-SR fibers with CFsϾ10 kHz stimulated with tailfrequency tones of 1-2 kHz. Although tones at 3 or 4 kHz are still within the tail of fibers with CFsу10 kHz, they are less useful for studying efferent effects on response phase because responses at these frequencies have lower synchrony ͑Johnson, 1980͒.
B. Determining the accuracy of phase and synchrony data
To determine which measured response phases were sufficiently accurate to be used, we applied a criterion based on the estimated standard error of the phase. Specifically, data were accepted only if the standard error of the phase, ⌽ SE , was ͉⌽ SE ͉р30°for at least two adjacent points in the soundlevel series both with and without efferent stimulation. To obtain the standard error of the phase, the 95%-confidence interval of the phase was calculated according to the procedure described by Mardia ͑1972͒. The data are assumed to be described by a von Mises distribution, which is similar to a normal distribution except that it describes directional data. A key step is to estimate the von Mises ''concentration parameter,'' ( is similar to the inverse of ''standard deviation'' in a normal distribution͒. We approximated the maximum likelihood estimate of , , as cepted if they met the arbitrary criterion of synchrony, S у0.3 and S Ͻ0.1. For Figs. 2 and 3, this criterion was relaxed to show more data. To determine if several apparent trends in the data were statistically significant, without assuming that the data were normally distributed, we used permutation tests ͑Efron and Tibshirani, 1993; see Stankovic and Guinan, 1999 , for a detailed explanation͒. In a few cases we tested statistical significance with analysis of variance ͑ANOVA͒ using DATA-DESK™. The loess fit ͑Cleveland, 1993͒ was used in some scatter plots to aid the eye in detecting trends in data.
C. Measurements of the cochlear microphonic
To measure efferent effects on CM, tone bursts ͑50-ms long, 2.5-ms rise time, 100-ms repetition period͒ were presented and recordings were made from an electrode on or near the round window referenced to a distant electrode. After amplification, in-phase and quadrature outputs of an EG&G 5210 lock-in ͑time constant 3 ms͒ were sampled over the last 45 ms of each burst, and 32 responses were averaged. Sound-level series were run from 40-52 dB SPL up to 85 dB SPL either sequentially ͑one cat͒ or by randomizing the presentation of sound level and efferent stimulation ͑two cats͒. As expected, randomization did not significantly affect the response because CM shows little, if any, adaptation.
To avoid contamination of CM by evoked response from the auditory nerve, we used forward masking with broadband noise bursts ͑47-ms long, 2.5-ms rise time͒ interleaved with the tone bursts. To avoid electronic artifacts at the recording electrode produced by the efferent shocks, ͑1͒ the shock frequency ͑227.27 Hz͒ was chosen to be incommensurate with the tone frequencies, and/or ͑2͒ efferents were stimulated mostly between the tone bursts ͑i.e., for 66.6 ms, starting 42.5 ms before the onset of a tone burst͒. Since the efferent effect has a long time constant, the strength of the efferent effect was changed little by interleaving efferent stimulation. This was confirmed in two experiments where CM was recorded mostly between, and then completely overlapping with, efferent stimulation.
II. RESULTS

A. Efferent effects on the shapes of period histograms
Efferent stimulation did not produce much change in the shapes of period histograms but it did change the time at which the peak occurred. This is illustrated in Figs. 1 and 2 with data from two fibers which show typical responses but were contacted for a long time so that we have more data than usual on them. The period histograms in Figs. 1 and 2 are typical in that there is only one peak per cycle, the peak resembles a rectified sine wave, and efferent stimulation delayed the peak to later in the cycle. Sometimes, however, efferent stimulation did not delay the peak ͑Fig. 3͒ or shifted the peak to earlier in the cycle ͑Fig. 4͒. In all of these histograms, the shapes are similar to those in previous reports of ANF responses without efferent stimulation ͑e.g., Rose et al., 1967; Anderson, 1971; Johnson, 1980͒ .
Although a vast majority of our period histograms had a single peak per tone cycle, we occasionally found period histograms with two peaks per cycle-the behavior known as ''peak splitting'' ͑Kiang et al., 1965͒. We saw peak splitting only in fibers stimulated at high sound levels with 500-Hz tones ͑in 7 of 14 fibers stimulated at 500 Hz͒, but not for tones of 1 kHz or higher. This is consistent with published data on high-CF fibers ͑Kiang, 1990; Ruggero et al., 1996a; Cai and Geisler, 1996͒ . In most period histograms with peak splitting, efferent stimulation did not have a dramatic effect on histograms' shape. However, there are too few data to draw definitive conclusions.
Since, with a few exceptions, our period histograms were single-peaked, and their shape was not obviously changed by efferent activation, characterizing these histograms by their first Fourier-transform component should be adequate for determining the effect of efferents. The first Fourier component has two dimensions, phase and synchrony, with synchrony typically measured by the synchronization index ͑Goldberg and Brown, 1969; Johnson, 1980͒. Although we are most interested in phase, we deal first with synchrony because phase cannot be measured unless there is adequate synchrony.
B. Efferent effects on synchrony
An important question is whether efferent effects on synchrony are equivalent to an attenuation of sound. To answer this question we must measure efferent effects in the range where synchrony changes with sound level, but we have only a few accurate data in this range. An accurate determination of synchrony requires many spikes if there is little synchronization, so usually the synchrony-accuracy criterion ͑see Sec. I͒ was reached only when synchrony was high. Nonetheless, some fibers had adequate synchrony in the rising portion of synchrony-versus-sound-level functions.
As a measure of the efferent effect on synchrony in the range where synchrony increases as sound level increases, we used the synchrony level shift, ⌬L S , the amount by which the sound level must be increased with efferent stimulation to produce the same synchrony as obtained without efferent stimulation ͓inset in Fig. 1͑G͔͒ . In 12 of 13 cases ⌬L S was positive, consistent with an efferent attenuation of sound. When ⌬L S was plotted versus the efferent-induced level shift in rate, ⌬L R (⌬L R from Stankovic and Guinan, 1999͒, there was considerable scatter ͑Fig. 5͒. If both ⌬L S and ⌬L R were due to the same efferent-induced attenuation, the points would be along the dashed line in Fig. 5 . The low correlation (rϭ0.33) suggests that the attenuations of ⌬L S and ⌬L R were often not the same. However, there are few data, there are errors in both measurements, and ⌬L S and ⌬L R were not measured over the same sound-level ranges. All considered, a strong conclusion cannot be reached from these data.
At high sound levels where synchrony is close to its maximum value, efferent activation had only a minor effect on synchrony ͓Figs. 1͑G͒, 2͑F͒, 3͑F͒, and 4͑E͔͒. To quantify this effect we used the efferent-induced synchrony change, ⌬S, which is: ͕synchrony without efferent stimulation͖ minus ͕synchrony with efferent stimulation͖ ͓Fig. 1͑G͒ right͔.
A single ⌬S was obtained for each fiber by averaging the points from three sound levels near the maximum synchrony ͑usually 79-85 dB SPL for high-SR fibers and 85-91 dB SPL for medium-SR and low-SR fibers, or sometimes the three highest levels available͒. For tones between 500 Hz and 3 kHz ͑mostly 1 kHz͒ and fibers with CFs 10-30 kHz, the mean ⌬S was not statistically different from zero ͑t-test pϭ0.12) and there were no statistically significant differences across SR groups ͑ANOVA pϭ0.83). The mean ⌬S, standard error of the mean, and number of fibers were: high SR: Ϫ0.0098Ϯ0.0056, Nϭ69; medium SR: Ϫ0.0044 Ϯ0.0100, Nϭ25; low SR: Ϫ0.0029Ϯ0.0161, Nϭ17. Since synchrony is high throughout most of the range where phase can be accurately determined, one advantage of the very small efferent effect on synchrony at high levels is that changes in synchrony do not need to be considered when analyzing the efferent-induced changes in phase.
C. Efferent effects on response phase at tail frequencies
First, we consider phase properties without efferent stimulation. Without efferent stimulation, auditory-nervefiber responses to tail-frequency tones of 1 or 2 kHz typically had slowly increasing phase lags as sound level increased, with changes of as much as 90°-180°͑Fig. 6͒. There are few other comparable data from the cat. Liberman and Kiang ͑1984, Fig. 3͒ characterized 1-kHz phase-versus-level functions for four fibers with CFsϾ10 kHz as being less than 90°, which appears to differ from our finding that many fibers have changes greater than 90°. The reason for this difference is not known. Cai and Geisler ͑1996͒ found relatively little change in phase with sound level for much lower frequencies ͑e.g., 100 Hz͒ and a wide range of CFs. In contrast, results from chinchilla using tail-frequency tones ͑but frequencies Ͻ1 kHz͒ show small phase changes at moderate sound levels and then abrupt phase reversals at high sound levels ͑Ruggero and Rich, 1983; Ruggero et al. 1996a͒ .
Efferent stimulation caused a phase lag in most ͑86/108 ϭ80%͒ fibers ͓e.g., Figs. 1͑H͒, 2͑G͔͒. However, efferent stimulation had little effect on some ͑13/108ϭ12%͒ fibers ͓e.g., Fig. 3͑G͔͒ and produced a phase lead in some ͑9/108 ϭ 8%͒ fibers ͓e.g., Fig. 4͑F͔͒ .
Since efferent effects on firing rate and synchrony can be characterized as being equivalent to an attenuation of the sound stimulus, one can ask if the efferent effects on phase are also equivalent to an attenuation of sound. For most high-CF fibers stimulated with low-frequency tones, efferent stimulation produced a phase lag ͓e.g., Fig. 7͑A͔͒ , but the phase-versus-sound-level curves show that an attenuation of sound would produce a phase advance ͓Figs. 6, 7͑A͔͒. Even for the few fibers in which efferent stimulation produced a phase lead, the efferent effect was not necessarily equivalent to an attenuation of sound. For example, the data in Fig. 4͑F͒ show that there was an efferent-induced phase lead but almost no change in phase with sound level at high levels. Thus, for the great majority of fibers, the efferent effect on phase was not equivalent to an attenuation of sound.
One consequence of this result is that the usual metric for describing efferent effects, the equivalent attenuation, does not work for phase. As a measure of the efferent effect on auditory-nerve response phase, we used the phase change, ⌬⌽, defined as: ͕the phase with efferent stimulation͖ minus ͕the phase without efferent stimulation͖ ͓Fig. 7͑A͔͒. Figure  7͑B͒ shows a typical measurement of ⌬⌽ along with its FIG. 5 . The level shift for synchrony, ⌬L S , versus the level shift for rate, ⌬L R . Both ⌬L S and ⌬L R were normalized to a compound action potential ͑CAP͒ inhibition of 20 dB as in Stankovic and Guinan ͑1999͒. ⌬L S is the average of all ͑р3͒ ⌬L S measurements in the region where ⌬L S increases with sound level. ⌬L R here is the average normalized ⌬L (⌬L n,,Ave ) of Stankovic and Guinan ͑1999͒. Dashed line indicates slope of 1.
FIG. 6. Auditory-nerve-fiber response phase as a function of sound level for 1-kHz tones ͑top͒ and 2-kHz tones ͑bottom͒. All fibers had CFsϾ10 kHz. ͑The phase reference was not necessarily the same across cats, so the absolute values of the phase may not be reliable.͒ calculated error. Such error bars were used in statistical tests described below but, for clarity, have been omitted from later plots of ⌬⌽ ͓Figs. 8͑A͒, 9͑A͔͒.
For tones of 0.5, 1, and 2 kHz, the efferent-induced changes in phase, ⌬⌽, were significantly different from zero pϽ0.0001 at each frequency͒, as judged by t-tests applied to all of the data at that frequency ͑i.e., all sound levels and all fibers with CFs 10-30 kHz͒. The average ⌬⌽ was Ϫ10.5°͑ a phase lag͒ for 500-Hz tones ͑8 fibers͒, Ϫ15.3°for 1-kHz tones ͑67 fibers͒, and Ϫ16.2°for 2 kHz tones ͑24 fibers͒. For the three fibers stimulated at 3 kHz, the average ⌬⌽ was not significantly different from zero (pϭ0.98).
These average ⌬⌽ values, while significant, ignore variations in ⌬⌽ that depended on both tone variables ͑in-tensity and frequency͒, and fiber characteristics ͑CF and spontaneous rate͒. These dependencies are explored in the following two sections.
D. Dependence of ⌬⌽ on sound level and spontaneous rate
To investigate the dependence of ⌬⌽ on sound level and spontaneous rate, one tone frequency was considered at a time. Since there were many fibers stimulated by 1-kHz tones, they were divided into two CF bands ͑10-20 kHz and 20-30 kHz, Fig. 8͒ . The smaller number of fibers stimulated by 2-kHz tones were considered in a single band ͑Fig. 9͒ which is listed as 10-20 instead of 10-30 kHz because none of the fibers had a CF above 20 kHz. Fibers stimulated by 500-Hz tones were not analyzed in detail because there were only 14 fibers with data, and half of them showed peak splitting.
To give a full picture, the ⌬⌽ data are shown in two ways. Figures 8͑A͒ and 9͑A͒ are superimposed sound-level functions from each fiber. These show the range of the data and trends with sound level. Figures 8͑B͒, 8͑C͒ , and 9͑B͒ are plots of the average ⌬⌽ for each SR group versus sound level. These provide comparisons across SR groups, sound levels, and tone frequencies.
A visual examination of Figs. 8 and 9 suggests that ⌬⌽ depended on sound level, but it is not clear whether ⌬⌽ Responses from a single fiber are connected by dotted lines. Differences in the lowest initial sound level reflect differences in synchrony thresholds, i.e., the levels at which phase error is Ͻ30°. ͑B͒ Average ⌬⌽, ⌬⌽ Ave , for each SR group, based on fibers from ͑A͒. Bars indicate standard deviations; points without bars are from one fiber only. ͑C͒ Average ⌬⌽ for fibers with 20рCFр30 kHz, for each SR group. The number of fibers in each SR group are: ͑A͒, ͑B͒ 29 high, 13 medium, 9 low; ͑C͒ 11 high, 4 medium, 1 low. depended on spontaneous rate. Possible dependencies of ⌬⌽ on sound level and spontaneous rate were tested statistically using permutation tests ͑Efron and Tibshirani, 1993; see also Stankovic and Guinan, 1999͒ with separate tests for each of the three data sets used in Figs. 8͑B͒, 8͑C͒, and 9͑B͒. These tests were complicated by the fact that ⌬⌽ from individual fibers, and for SR groups, do not all span the same soundlevel range. To overcome this, ⌬⌽-versus-sound-level data were represented by a straight line ͑fit using a least-squares criterion with points weighted by the errors of individual measurements͒. To test for differences across SR groups, for each SR group a single straight line was fit to all of the ⌬⌽-versus-sound-level points from fibers of that SR group. The differences in slopes ͑or intercepts͒ between two SR groups were then used as comparison statistics. A permutation test trial consisted of shuffling fibers into new ''pseudo-SR groups'' and calculating ''pseudo'' comparison statistics; 1000 trials were used to form probability histograms against which the original statistic was compared. In most cases, statistically significant differences were not detected between SR groups at the pϭ0.05 level. The only exception was a difference between high-SR and medium-SR fibers for stimulation with 2-kHz tones (p Ͻ0.01 for both slope and intercept͒. However, this result needs to be interpreted with caution because there were only four medium-SR fibers in this data set.
Next, we wanted to determine whether the apparent dependence of ⌬⌽ on sound level was statistically significant. Although the previous analysis revealed a possible difference between two SR groups at 2 kHz, for simplicity this difference was ignored and data from all SR groups were pooled. Permutation tests were done by multiple trials with, on each trial, shuffling the data from each sound level across ''pseudo sound-level groups'' and calculating the slope of a line fit to the result ͑fit by minimizing the least-square error with points weighted by their errors͒. These tests revealed that ⌬⌽ significantly depended on sound level (pϽ0.001) for all three data sets considered ͓Figs. 8͑B͒, 8͑C͒, and 9͑B͔͒.
E. Dependence of ⌬⌽ on sound frequency
Ideally, the frequency dependence of ⌬⌽ would be studied with many points obtained from one fiber. However, there were practical limitations that prevented such a study, so we pooled data across fibers to explore how ⌬⌽ depended on tone frequency. To focus on sound levels where ⌬⌽ tended to be large, we averaged ⌬⌽ across sound levels р85 dB SPL and obtained a single average ⌬⌽ (⌬⌽ Ave ) for each fiber. The exact range of sound levels included in ⌬⌽ Ave varied across fibers depending on fiber synchrony and the availability of data. The averaging produced a bias across SR groups because high-SR fibers typically had data extending to lower sound levels than medium-SR and low-SR fibers, and ͉⌬⌽͉ tended to be larger at lower sound levels. Because of this bias, comparisons across SR groups are not warranted and fibers of all SR groups were considered together. Figure 10͑A͒ shows ⌬⌽ Ave as a function of tone frequency. Figure 10͑B͒ shows averages and standard errors at each tone frequency. Figures 10͑A͒ and 10͑B͒ suggest that ⌬⌽ Ave tends to become more negative ͑i.e., efferents produce an increasing phase lag͒ as frequency increases from 500 Hz to 2.5 kHz.
We also analyzed the frequency dependence of ⌬⌽ Ave by expressing tone frequency relative to fiber CF ͓Fig. 10͑C͔͒. This aligns tuning-curve tips so that data at a few tone frequencies in fibers of many CFs show ⌬⌽ Ave at many different locations within the tuning-curve tails ͑note that we did not find any dependence of ⌬⌽ Ave on fiber CF͒. As expected, there is a trend similar to that in Figs. 10͑A͒ and 10͑B͒: ⌬⌽ Ave shows a slowly increasing phase lag as tone frequency increases from six to three octaves below CF. In addition, ⌬⌽ Ave appears to become a phase lead as tone frequency increases further. However, the apparent reversal at high tone frequencies in Fig. 10 should be interpreted with caution, given the scatter in the data and the small number of fibers with data at the highest frequencies.
F. The efferent-induced change in phase, ⌬⌽, versus the slope of the tail-frequency phase-versussound-level function
We noticed that auditory-nerve fibers with large efferent-induced phase lags tended to have large negative slopes in their phase-versus-level functions ͓Figs. 1͑H͒, 2͑G͔͒, whereas those with small efferent-induced phase delays or phase advances did not ͓Figs. 3͑G͒, 4͑F͔͒. To explore this, the efferent-induced change in phase, ⌬⌽, was plotted versus the slope of a fiber's phase-versus-level function without efferent stimulation, both measured at the same tail frequency ͑Fig. 11͒. Although the data show considerable scatter, correlations were present (rϭ0.39 at 1 kHz; rϭ0.47 at 2 kHz͒. Regression lines through these data had slopes of 2.4 dB at 1 kHz and 3.5 dB at 2 kHz. Note that the slopes of the regression lines have units of ͕degrees͖/͕degrees per dB͖ ϭdB. Thus, the 2.4-dB slope of the 1 kHz regression line means that if efferents produced a 2.4 dB increase in the sound signal, then, for the slopes of the phase-versus-soundlevel functions, the resulting efferent-induced changes in phase ͑plus a Ϫ6.4°offset at the origin͒ would fall along the regression line. Thus, it would take an efferent effect in the opposite direction from an attenuation to produce the data shown in Fig. 11 .
G. Cochlear microphonic
To help resolve the question of whether efferent effects at tail frequencies are due to efferent-induced changes in basilar-membrane motion, in three cats on which we measured ⌬⌽, we also measured efferent effects on cochlear microphonic recorded with an electrode on or near the round window. The efferent-induced changes in CM in response to tones at four frequencies are shown in Fig. 12 . Efferent stimulation increased CM magnitude and had a small effect ͑a few degrees, on average͒ on the CM phase. Similar small efferent-induced changes in CM phase were found in guinea pigs by Mountain et al. ͑1980͒ using intracochlear elec- FIG. 10 . Efferent-induced phase changes as a function of tone frequency. ͑A͒ ⌬⌽ averaged across sound levels (⌬⌽ Ave ) up to 85 dB SPL with each point from one fiber. Data from 68 fibers ͑CFs 10-30 kHz͒ produced 108 points ͑66 high-SR, 26 medium-SR, and 16 low-SR͒ because some fibers were stimulated at more than one tone frequency. ͑B͒ Each point is the mean of the ⌬⌽ Ave at a given frequency of the data in panel ͑A͒; bars indicate standard error of the mean. ͑C͒ ⌬⌽ Ave versus tone frequency relative to CF. Same data as in panels ͑A͒ and ͑B͒. The thick line is a loess fit ͑smoothing factor ϭ 0.2͒ to the data. The dashed part of the line indicates uncertainty in the trend due to paucity of data. 10͑A͒ , except that here ⌬⌽ included points up to 100 dB SPL in the average to be comparable to the level range over which the slope of the phaseversus-level function was calculated.
trodes. The small efferent effect on CM phase contrasts with the much larger efferent-induced changes in auditory-nervefiber phase. This is effectively demonstrated from measurements made in the same cat about 3 h apart ͑Fig. 13͒. Although there is only a partial overlap of the sound levels for which data were obtained, both the sound-level dependence and the efferent effects on response phase are much larger on the auditory-nerve fiber than on CM.
III. DISCUSSION
Our data show that there are efferent-induced changes in the phase of auditory-nerve-fiber responses to tail-frequency tones. Although errors in phase data are more difficult to quantify than errors in rate, our statistical tests insure that the measured changes in phase are sufficiently accurate. Thus, the large scatter of the phase data, showing both positive and negative phase changes, is real and indicates that there are large fiber-to-fiber differences in efferent effects on phase.
There are no previously published data on efferentinduced changes in auditory-nerve-fiber phase or synchrony at tail frequencies. Although several papers provide data on efferent-induced changes in firing rate in response to tones well below CF, none of these gives phase data ͑Wiederhold, 1970; Kiang et al., 1970; Guinan and Gifford, 1988b͒ . Similarly, papers on efferent-induced effects on IHC responses and basilar-membrane motion do not provide data on efferent-induced changes in phase ͑Brown and Nuttall, 1984; Murugasu and Russell, 1996; Russell and Murugasu, 1998͒ .
A. Dependence of ⌬⌽ on tone level and frequency
At tail frequencies, the efferent-induced change in phase, ⌬⌽, varied with tone level and frequency with parametric dependencies similar to those of the efferent-induced change in rate, ⌬L R ͑see Stankovic and Guinan, 1999͒. As sound level was lowered toward threshold, both ͉⌬⌽͉ and ⌬L R increased. Furthermore, as frequency increased, both ͉⌬⌽͉ and ⌬L R increased slowly up to a few octaves below CF, and decreased sharply at higher frequencies, with ⌬L R FIG. 12. Efferent effects on the cochlear microphonic ͑CM͒ response to tones at four frequencies. The data are from three cats, some with runs done at different times; symbols in inset. In the top four panels, phase data are shown as a function of sound level. In the bottom two panels, phase and amplitude data are shown as a function of sound frequency, with each point being the average across all sound levels of one set of data.
FIG. 13.
A comparison between efferent effects on cochlear-microphonic ͑CM͒ phase and auditory-nerve-fiber ͑ANF͒ phase in the same cat ͑TS44͒. The CM phase is from the recording closest in time to ͑3 h before͒ the ANF data. The phase references for the two sets of data are not comparable. Tone frequency: 1 kHz.
reaching a peak at a somewhat higher frequency than ͉⌬⌽͉. However, the high-frequency reversals in ͉⌬⌽͉ and ⌬L R should be regarded with caution because: ͑1͒ these reversals were based on data from only a few fibers, ͑2͒ the reversal in ͉⌬⌽͉ was not seen in the data from the few fibers with CFs of 5-10 kHz, and ͑3͒ the plots of ⌬⌽ and ⌬L R do not include exactly the same fibers. In particular, the fibers that show the downturn in the ⌬L R plot ͑Fig. 9 of Stankovic and Guinan, 1999͒ are not included in the ⌬⌽ plot ͓Fig. 10͑C͔͒ because phase could not be accurately determined at these frequencies ͑4-5 kHz͒. If the ⌬L R plot is restricted to include only the fibers that were used in the ⌬⌽ plot of Fig.  10͑C͒ , ⌬L R would rise with frequency up to 2.5 octaves below CF; then, the plot would end.
The similar dependencies of ͉⌬⌽͉ and ⌬L R on tone level and frequency suggest that both efferent-induced changes are due to similar underlying causes. However, there was very little correlation between ⌬L R and ⌬⌽ in scatter plots of the data from single fibers (rϭ0.15). These two observations, taken together, suggest that there is similarity but also differences in the efferent-induced cochlear changes that produce ⌬⌽ and ⌬L R .
B. Is the efferent effect equivalent to an attenuation of sound?
Our data indicate that, at tail frequencies, efferent effects on synchrony and firing rate are equivalent to attenuating the sound, but efferent effects on phase are not ͑Figs. 1-5, 13; Stankovic and Guinan, 1999͒. A similar pattern was reported for low-CF fibers stimulated with tones at frequencies within their tuning-curve tips ͑Gifford and Guinan, 1983͒. Are the different effects on phase versus synchrony and firing rate, and the low correlation between ⌬⌽ and ⌬L R , evidence that different processes produce these effects? Different processes cannot be ruled out but the most parsimonious explanation is that one process produces the efferent-induced changes in phase, rate, and synchrony, and that this process is not entirely equivalent to an attenuation of sound. In addition, we do not know if efferent effects at tail frequencies are due to the processes that produce efferent effects at CF, or if different processes are involved.
The finding that efferents have no significant effect on synchrony at high sound levels is consistent with the view that synchrony is ''saturated'' at high sound levels, and that the processes that produce this saturation are not affected by efferents. This, and the attenuation-like efferent changes in rate and synchrony, are consistent with the interpretation that efferents act at a stage before the spike-generation mechanism of the afferent synapse, which presumably sets rate and synchrony.
C. Is the efferent-induced phase change, ⌬⌽, due to a change in basilar-membrane motion?
There are two lines of evidence that strongly suggest that the efferent-induced phase change at tail frequencies, ⌬⌽, is not entirely due to a change in the phase of basilarmembrane motion. First, at frequencies an octave or more below CF, the phase of basilar-membrane motion appears to change very little with changes in sound level ͑Nuttall and Dolan, 1996; Ruggero et al., 1997͒ . Furthermore, at these frequencies basilar-membrane motion ͑phase and amplitude͒ is insensitive to a variety of insults ͑Rhode, 1973; Ruggero and Rich, 1991; Ruggero et al., 1996b Ruggero et al., , 1997 Nuttall and Dolan, 1996͒ . Both of these observations suggest that the phase of basilar-membrane motion at low frequencies is not readily changed by alterations of cochlear properties. Thus, it seems unlikely that the phase of basilar-membrane motion in response to low-frequency tones would be changed by efferent stimulation. A caveat is that basilar membrane phase is usually plotted on a scale that makes it difficult to see changes of the size produced by efferent stimulation. In contrast, the phase changes in auditory-nerve-fiber responses produced by variation of sound level ͑which are often 90°-180°, Fig. 6͒ would be readily visible in plots of basilarmembrane ͑BM͒ motion. Such large phase changes have not been found for basilar-membrane motion at tail frequencies, although they have been found at tip frequencies ͑Nuttall and Dolan, 1996; Ruggero et al., 1997 see also Cooper and Rhode, 1992͒ . Thus, there is good evidence that, at tail frequencies, auditory-nerve-fiber phase does not mimic basilarmembrane phase ͑see also Ruggero and Rich, 1983, 1987; Ruggero et al., 1996a͒. A second line of evidence that ⌬⌽ is not entirely due to a change in the phase of basilar-membrane motion is that at sound levels at which efferent stimulation produced large changes in the tail-frequency phase of high-CF auditorynerve fibers, efferent stimulation produced much smaller changes in the phase of CM ͑Figs. 12 and 13͒. The phase of CM recorded from the round window indicates the phase of OHC receptor currents and considerable evidence supports the interpretation that for low-frequency sounds, CM phase also indicates the phase of basilar-membrane displacement in the basal turn ͑Dallos et al., 1974; Dallos and Cheatham, 1976; Patuzzi et al., 1989; Ruggero et al., 1986b͒ . Although it is possible that the presence of the masking tone might influence the efferent effect on CM, or that efferents may change the phase of BM motion and somehow make a compensating change in the CM produced by OHCs in response to the changed BM motion, such a cancellation of effects seems unlikely. Together, the two lines of evidence make a strong case that ⌬⌽ is not entirely due to a change in basilarmembrane motion. However, direct measurements of efferent effects on basilar-membrane phase are necessary to determine what part, if any, of the efferent effect on phase is present in basilar-membrane motion.
From the above, the efferent-induced change in auditory-nerve-fiber phase, ⌬⌽, appears to be due mostly to changes that take place after basilar-membrane motion but before synchrony and firing rate are determined at the point of spike initiation in auditory-nerve fibers. This conclusion lends support to the hypothesis that the efferent change in rate, ⌬L R , is also due mostly to changes which take place after basilar-membrane motion ͑Stankovic and Guinan, 1999͒.
D. What are the mechanisms by which medial efferents change the response phase of auditorynerve fibers?
If the efferent-induced change in phase, ⌬⌽, of responses to tail-frequency tones is not due to changes in basilar-membrane motion, what is it due to? First, we point out that our shocks selectively stimulate medial olivocochlear efferents and that ⌬⌽ is almost certainly due to fast inhibition from medial efferents ͑detailed reasons in Stankovic and Guinan, 1999͒ . In the basal turn of the cat cochlea, medial efferents terminate almost exclusively on OHCs ͑Guinan et al., 1984͒. Fast medial-efferent effects appear to be due to activation of alpha-9 acetylcholine receptors on OHCs producing an increase in local intracellular OHC calcium concentration that activates Ca 2ϩ -dependent K ϩ channels in the OHC basolateral membrane ͑Housley and Ashmore, 1991; Doi and Ohmori, 1993; Kakehata et al., 1994; Fuchs, 1996; Vetter et al., 1999͒ . This activation of potassium channels is the only known efferent effect fast enough to produce the efferent-induced phase and rate changes reported here and by Stankovic and Guinan ͑1999͒ ͓the increase in OHC calcium concentration may produce other effects ͑Sridhar et Sziklai et al., 1996; Dallos et al., 1997͒ but these appear to be more than an order of magnitude too slow to account for our data͔.
The efferent-induced change in the OHC synaptic conductance does three things that might act as agents causing a phase change. It produces: ͑1͒ an increase in CM ͑Fex, 1959͒, ͑2͒ the MOC potential ͑Fex, 1967͒, and ͑3͒ an OHC hyperpolarization ͑this hyperpolarization has never been directly measured, but the indirect evidence for it is strongreviewed by Guinan, 1996͒ . The increase in CM and the MOC potential are extracellular potentials, so it is clear that they might have effects outside of OHCs ͑e.g., at IHCs͒, but the OHC hyperpolarization is an intracellular potential and might be thought to act only within OHCs. However, since the cochlea is a bidirectionally coupled system ͑Weiss, 1982; Kiang et al., 1986; Mountain and Cody, 1989; Patuzzi, 1996͒ , changes in OHCs ͑e.g., mechanical changes͒ may produce effects outside of the OHCs.
A useful way to approach the problem is to ask what are the factors that affect auditory-nerve-fiber phase ͑relative to basilar-membrane phase͒, and then to consider which of these might be influenced by efferent stimulation. Three factors have been identified by Cheatham and Dallos ͑1999͒ as influencing the phase of basal-turn fibers responding to lowfrequency sound in guinea pigs: ͑1͒ IHC-membrane low-pass filtering, ͑2͒ the dynamics of IHC ion channels, and ͑3͒ extracellular potentials affecting the IHC transmembrane potential and transmitter release. To this list we add ͑4͒ changes in cochlear micromechanics ͑i.e., the mechanical coupling of basilar-membrane motion to the bending of IHC stereocilia͒.
It seems unlikely that the first two of these, i.e., IHCmembrane low-pass filtering, and the dynamics of IHC ion channels, can be primarily responsible for the efferentinduced phase change at tail frequencies. It is possible that the phase of IHC receptor potentials might be affected by changes in the corner frequency of the IHC membrane filter, and that corner-frequency changes are produced by IHC conductance changes ͑from opening transduction or other ion channels͒. In addition, the phase of IHC receptor potentials at low frequencies might be changed by the dynamic properties of IHC ion channels ͑e.g., by the opening or closing of IHC channels lagging the IHC receptor potential; Kros and Crawford, 1990; van Emst et al., 1998͒ . If a significant number of IHC ion channels are opened or closed by receptor potentials, then channel dynamics could have a strong influence on the phase of low-frequency receptor potentials. Since receptor potential amplitude depends on sound level, such an effect would be expected to produce a sound-level dependence of phase. If the sound-level dependence of auditory-nerve-fiber phase at tail frequencies were produced by such a mechanism, then medial-efferent inhibition, which must reduce IHC receptor potentials, would produce a phase change by this mechanism. However, at tail frequencies the change in phase produced by medial efferents is in the opposite direction of the change expected from the efferent reduction of IHC receptor potentials. This argues strongly against ⌬⌽ being produced by the dynamics of IHC ion channels, and to some extent against the sound-level dependence of phase at tail frequencies being produced by this mechanism. While this argument does not rule out such level-dependent effects taking place, it does mean that they cannot be the only way that efferents change the phase of auditory-nerve responses at tail frequencies.
The third element in the list, the influence of extracellular potentials on IHCs, can be expanded into the influences of dc and ac extracellular potentials. Initially we hypothesized that efferent inhibition at tail frequencies was due to the MOC potential, the dc ͑i.e., slow͒ extracellular voltage change produced by efferent activation ͑Fex, 1967͒. How could a dc potential change the phase of auditory-nerve firing? Perhaps the MOC potential produces a small change in IHC transmembrane potential and this changes the operating point of voltage-sensitive IHC channels, which changes receptor potential phases by affecting IHC membrane low-pass filtering, or the dynamics of IHC ion channels ͑as in the previous paragraph͒. Alternately, the MOC potential acting on the dendrites of auditory-nerve fibers might affect the production of action potentials and produce a phase change, but it is difficult to see how this might account for the various parametric dependencies of ⌬⌽. All considered, it seems unlikely that the MOC potential is a major factor in producing ⌬⌽.
The extracellular ac potential, the cochlear microphonic, is a viable candidate for producing ⌬⌽. The efferent effect on CM is unusual in that during efferent stimulation CM increases, while basilar-membrane motion and other cochlear potentials decrease ͑Galambos, 1956; Fex, 1959; Brown and Nuttall, 1984; Murugasu and Russell, 1996͒ . The regression lines in Fig. 11 indicate that 2.4-dB ͑at 1 kHz͒ and 3.5-dB ͑at 2 kHz͒ efferent-induced increases of drive to the mechanism that creates the phase change with level would be enough to produce the measured ⌬⌽s. These values are similar to, or greater than, the measured increases in CM of 2.6 dB ͑at 1 kHz͒ and 1.9 dB ͑at 2 kHz͒ ͑Fig. 12͒. Alternately, the relevant factor may be the ratio of CM to some other signal derived from the sound stimulus, e.g., the IHC receptor potential. Since we do not know the value of the efferent-induced decrease in the IHC receptor potential, we will use the efferent-induced inhibition of firing rate, ⌬L R , ͑a 2.3-dB decrease at 1 kHz, or 4.8 dB decrease at 2 kHz from the data of Stankovic and Guinan, 1999͒ as an estimate of the efferent effect on the signal that CM interacts with. The resulting CM/signal ratios are 4.9 and 6.7 dB ͑at 1 and 2 kHz, respectively͒ which are larger than the needed increases. However, if CM and the other signal have different phases ͑as presumably they would in order to produce the phase change͒, the effective change in CM/signal ratio would not be a simple sum. All considered, these data show that the efferent-induced increase in CM is in the correct range to produce the data in Fig. 11 . Furthermore, if CM produces ⌬⌽, it seems likely that CM is also involved in producing the sound-level dependence of auditory-nerve-fiber phase at tail frequencies because the data of Fig. 11 show that ⌬⌽ and the sound-level dependence of phase are related.
The above reasoning suggests that CM may be involved in producing ⌬⌽ but does not tell us where the interaction takes place. One possibility is that CM may influence auditory-nerve firing by changing the transmembrane potential at the IHC synapse ͑Sellick et Russell and Sellick, 1983; Ruggero and Rich, 1983; Ruggero et al., 1986a; Guinan and Gifford, 1988a; Cody and Mountain, 1989; Cheatham and Dallos, 1999͒ . Presumably this putative electric coupling between OHCs and IHCs would have a significant effect near threshold at tail frequencies because ͑1͒ the mechanical response of the cochlea is small near threshold, and ͑2͒ the electrical response ͑i.e., CM͒ is large because basilar-membrane motion is in phase over a considerable length of the cochlea. In the guinea-pig basal turn, CM is bigger than the IHC receptor potential for very low frequency tones, although not for midfrequency tones ͑Rus-sell and Sellick, 1983͒. However, even if CM is less than the IHC receptor potential, it can still have an influence on ANF response phase ͑Cheatham and Dallos, 1999͒. A second way that CM might produce ⌬⌽ is by producing a mechanical change in OHCs. The OHC mechanical change would have to change auditory-nerve-fiber phase while producing only a small change in CM phase, and would also have to depend on tone level and frequency. Frequency-dependent phase changes might be produced if efferents changed a mechanical resonance; level-dependent changes would be produced if a mechanical nonlinearity was involved. One possibility is that efferents cause a fast mechanical change in OHCs that is sensitive to the ratio of extracellular CM to OHC intracellular receptor potential ͑see Dallos and Evans, 1995 , for one such mechanism͒. Another possibility is that efferent activity changes OHC stereocilia stiffness and that this ultimately changes the coupling between basilar membrane motion and the bending of IHC stereocilia ͑this might be accomplished by CM-or the MOC potential-changing the Ca 2ϩ entry into stereocilia; see Lumpkin and Hudspeth, 1998͒. A final possibility, the one we think is most likely, is that efferents produce ⌬⌽ by producing a mechanical change in OHCs, but without CM being involved. This hypothesis has most of the advantages and disadvantages discussed above for the CM-mechanical hypothesis. Recent work indicates that the excitation of auditory-nerve fibers is through at least three excitation drives that might correspond to cochlear vibrational modes, and that the mix of these excitation drives changes with sound level ͑Lin and Guinan, 2000͒. In addition, efferent stimulation appears to affect some excitation drives more than others ͑Lin and Guinan, 1999͒. Since efferent stimulation appears to reduce cochlear active processes ͑Guinan, 1996͒ it seems reasonable to think that efferent stimulation might change the mixture of modes by reducing the importance of modes that depend on active processes, and that increasing the sound level might also do this. Thus, both efferent activation and high-level sound might cause the cochlea to respond with a similar mix of modes.
In summary, there are two main candidates for producing ⌬⌽: ͑1͒ the efferent-induced increase in CM, and ͑2͒ an efferent-induced mechanical change. However, whatever the actual mechanisms involved in producing ⌬⌽, both the ⌬⌽ data, and the large change in auditory-nerve-fiber phase with sound level at tail frequencies, indicate that the common conception that auditory-nerve-fiber tuning-curve tails represent a passive, constant coupling of basilar-membrane motion to the drive to auditory-nerve fibers is no longer tenable ͑see also Ruggero and Rich, 1983, 1987; Ruggero et al., 1996a͒ .
IV. CONCLUSIONS ͑i͒
Medial-efferent activation produces a change in phase, ⌬⌽, in auditory-nerve-fiber responses to tailfrequency tones. The largest changes are at sound levels near threshold and for tones 3-4 octaves below CF. ͑ii͒ Efferent stimulation had only small effects on the phase of CM at tail frequencies, which indicates that the efferent-induced changes in auditory-nerve-fiber phase are unlikely to be due entirely to efferentinduced changes in basilar-membrane phase. ͑iii͒ Auditory-nerve fiber responses to tail-frequency tones showed large level-dependent phase changes ͑90°-180°). The ⌬⌽ from a fiber was correlated with the slope of its phase versus sound-level function as if ⌬⌽ were produced by an increase in sound level. This correlation suggests that the processes involved in producing ⌬⌽ are also involved in producing the change of phase with sound level at tail frequencies. ͑iv͒ Both the large change in auditory-nerve-fiber phase with sound level and the efferent-induced change in phase indicate that the common conception that auditory-nerve-fiber tuning-curve tails represent a passive, constant coupling of basilar-membrane motion to the drive of auditory-nerve fibers needs revision.
